ABSTRACT: Molecular dynamics (MD) and Monte Carlo (MC) simulations were applied together for the first time to reveal the porous structure transformation mechanisms of mesoporous silica MCM-41 subjected to temperatures up to 2885 K. Silica was experimentally characterized to inform the models and enable prediction of changes in gas adsorption/separation properties. MD simulations suggest that the pore closure process is activated by a collective diffusion of matrix atoms into the porous region, accompanied by bond reformation at the surface. Degradation is kinetically limited, such that complete pore closure is postponed at high heating rates. We experimentally observe decreased gas adsorption with increasing temperature in mesoporous silica heated at fixed rates, due to pore closure and structural degradation consistent with simulation predictions. Applying the Kissinger equation, we find a strong correlation between the simulated pore collapse temperatures and the experimental values which implies an activation energy of 416 ± 17 kJ/mol for pore closure. MC simulations give the adsorption and selectivity for thermally treated MCM-41, for N 2 , Ar, Kr, and Xe at room temperature within the 1−10 000 kPa pressure range. Relative to pristine MCM-41, we observe that increased surface roughness due to decreasing pore size amplifies the difference of the absolute adsorption amount differently for different adsorbate molecules. In particular, we find that adsorption of strongly interacting molecules can be enhanced in the low-pressure region while adsorption of weakly interacting molecules is inhibited. This then results in higher selectivity in binary mixture adsorption in mesoporous silica.
INTRODUCTION
There is an increasing need to capture and treat harmful gases from vehicles and industrial processes to prevent environmental contamination and degradation. Particularly relevant to this study, fission reactions in nuclear power plants and fuel rod reprocessing can generate and release radioactive noble gases. Insights developed for noble gases can be applied more broadly to include other molecules of interest. For direct implementation of porous materials into all these scenarios, a good understanding of, not only the gas adsorption properties, but also the materials behavior upon heating is required, since sorption and catalytic properties can be altered in the dehydrated/calcined state at relatively high operation temperatures. Materials with excellent adsorption properties and thermal stability are considered to be promising candidates, such as zeolites, porous silica and materials from the carbide family. 1, 2 Mesoporous silica MCM-41, which is characterized by a hexagonal arrangement of uniform pores with the diameter tunable from 1.5 to 10 nm, 3 was chosen for study here because of its high specific surface area (>1000 m 2 /g) and good thermal and hydrothermal stability (∼900°C). 3−5 Morphology and surface area changes in MCM-41 upon heating have been studied experimentally. 4, 6 The porous structure decreases continually with temperature until a complete collapse of the porous structure occurs. However, the fundamental structural evolution mechanism of MCM-41 during heating is not yet understood because the microscopic structural changes such as the roughness of the pore surface is difficult to characterize and the influence on the materials adsorption is not known in detail. Simulations are useful to identify these factors and explain experimental observations. Various MCM-41 models with different microscopic details have been proposed for gas adsorption studies using Grand Canonical Monte Carlo. 7−11 In Maddox et al., 7 MCM-41 models with different surface energy contours were compared and it was shown that surface heterogeneity influences the gas adsorption isotherms as well as the hysteresis during gas desorption. He and Seaton 8 generated three MCM-41 models with different surface roughness values: one smooth with homogeneous cylindrical pores, and two other heterogeneous structures generated by forming pores into both crystal and amorphous silica phases. Other methods that can imitate the real sol−gel synthesis process have also been proposed to generate more realistic pore surfaces; 9, 10 including the introduction of surface hydroxyl groups for a more accurate chemical description when adsorption of polar molecules, such as water, is considered. 11 MCM-41 models that undergo thermal treatment have not been generated nor discussed. A common difficulty in heating simulations is superheating: the extremely fast heating rates required for computer simulations are incommensurate with experimental heating rates. This can lead to simulations producing unrealistic melting points and other phase transition temperatures. 12 The capture of different gases by MCM-41 has been widely studied in both experimental and simulation studies, including N 2 , 13 noble gases, 9,10 CO 2 , 8, 11 and alkanes. 8 The application to adsorption and storage of noble gases is very important during nuclear power operations and waste treatment. 14, 15 The simple force field description of noble gases makes them suitable to test and verify adsorption theory and simulation models. 9, 10, 16 Previous studies focused on cryogenic temperatures where adsorption occurs most effectively. Due to the high cost of refrigeration and the practical relevance of in situ gas storage, it is important to understand noble gas adsorption and storage behavior at higher temperatures over a wide range of pressures. Another related issue is the selectivity for different noble gases. Although MCM-41's separation properties have been investigated at cryogenic or room temperature for a few gases, 8, 11 detailed knowledge of high-temperature high-pressure adsorption/separation behavior of noble gases in MCM-41, including the influence of thermal treatment on this adsorption material, is still needed.
Here, molecular dynamics (MD) and Monte Carlo (MC) simulations are implemented along with experiments to investigate, for the first time, the porous structure transformation mechanism and modification of gas adsorption/ separation properties at temperatures up to 2885 K. To inform the model with realistic material parameters, MCM-41 samples are synthesized and experimentally characterized with XRD, TG/DSC and pore size distributions. The pore closure activation energy can link the simulation time scale to the experimental scale, allowing for a robust understanding of the process. Next, the Grand Canonical Monte Carlo method is used to predict the adsorption behavior of N 2 , Ar, Kr and Xe at 300 K for pressures from 1 to 10 000 kPa. Untreated MCM-41 and a thermally degraded MCM-41 are selected to study the modification of the adsorption properties due to thermal treatment. The materials are analyzed by determining the absolute and excess adsorption isotherms, the surface roughness and the radial density profile. Finally, the adsorption of Kr/Ar and Kr/Xe are simulated to determine the change in selectivity.
METHODOLOGY
2.1. Simulation. 2.1.1. Construction of Untreated MCM-41 Model. The MCM-41 structure is generated by molecular dynamics using the LAMMPS package. 17 A rectangular unit cell with one pore at the center and a quarter pore at each corner is chosen to represent the hexagonal pore arrangement in MCM-41 ( Figure 1 ). The center-tocenter distance between two pores is obtained from XRD experiments; the pore diameter is based on the pore-size distribution obtained from N 2 gas adsorption. Periodic boundary conditions are applied in x, y, and z directions. The bulk amorphous silica phase was first constructed using a random-insertion process. 8 Si and O atoms are randomly inserted into a simulation box such that (1) the ratio of silicon and oxygen atoms is 1:2 and (2) a total of 962 SiO 2 units are inserted to reach a density of 2.2 g/cm 3 in a box of 40 Å × 70 Å × 27 Å. Silicon atoms were inserted first such that no two Si are within 3 Å from each other. Oxygen atoms were then placed at least 1.85 Å away from other atoms. The structure was then melt-quenched under NVT condition using a Tersoff potential 18, 19 to generate amorphous silica. T was increased from 300 to 3300 K by 10 K/ps and then quenched down at 1 K/ps. The system was equilibrated at 300 K for 50 ps. Pores were created by deleting atoms in a cylindrical region of d = 28 Å (and d = 31 Å). Finally, the silicon to oxygen ratio was checked and 18 oxygen atoms were randomly inserted into the silica matrix to ensure a Si/O of 1:2. The final structure is equilibrated at 300 K first under NVT and then under NPT condition (P = 1 bar) for 10 ns each. This MCM-41 structure is referred to as the "300 K MCM-41 model".
2.1.2. Thermal Stability Study. Thermal stability of the as-built MCM-41 structure with d = 28 Å was studied using NPT (P = 1 bar). The temperature of the amorphous cell (replicated 3 × 2 × 2 in the x, y, and z directions of the 300 K MCM-41 unit cell) was continuously increased from 300 to 5000 K to observe the continuous structure evolution at heating rates of 10, 1, and 0.01 K/ps. Using the slowest heating rate (0.01 K/ps), structures at several temperatures (1273, 1773, 2180, 2415 K, 2650 and 2885 K) are sampled. For this, the original 300 K MCM-41 unit cell (here replicated twice in the z direction) was heated to the designated temperature (referred to as the heating process), then the temperature was kept constant for 20 ns (referred to as the hold stage), and then cooled back to 300 at 0.01 K/ ps and equilibrated for 1 ns. These structures are referred to as the "1273 K (or 1773, 2180, 2415, 2650 K, or 2885 K) MCM-41 model". Due to the nature of amorphous material, the metastable state is tightly linked with the initial conditions, so the exact heated structure cannot be fully reproduced if initial velocities and positions are different. Therefore, three independent samples were generated for each temperature. Samples 1 and 2 were generated from two independent 300 K MCM-41 structures. Samples 2 and 3 were from the same 300 K structure, but with different initial velocities for the heat treatment.
2.1.3. Gas Adsorption Simulation. We used Grand Canonical Monte Carlo (GCMC) as implemented in the MCCCS Towhee 20 to characterize adsorption properties of the above models. First, we obtained the chemical potential as a function of pressure of different gases at relevant temperatures using particle insertion. The adsorbent was then introduced and the matrix was fixed during the Monte Carlo simulation. We used a 9-6 Lennard−Jones-like potential truncated at 10 Å and the sixth power mixing rule 21 to describe the adsorbate−adsorbate and adsorbate−adsorbent interactions.
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Only the oxygen atoms in the adsorbent interact. Silicon atoms are ignored since their low polarizability results in a negligible dispersion interaction. 22 The parameters employed in our simulation are listed in Table 1 . Oxygen parameters are optimized against experimental nitrogen adsorption at 77 K by comparing the adsorption amount at low pressure, saturated adsorption amount and condensation pressure (ε is varied with energy step of 20 K and σ with step of 0.2 Å). Other simulation parameters are from the COMPASSv1 force field. 23 The data are collected after 5 × 10 7 Monte Carlo steps for equilibration.
Experimental Section. 2.2.1. Synthesis of MCM-41
Mesoporous Silica Nanoparticles. We used the sol−gel method to produce MCM-41 type MSNs. 3 In a typical process, a surfactant such as hexadecyl trimethylammonium bromide (CTAB) is used to form micelles, which serve as template for the mesoporous silica nanoparticles. Next a silica source such as tetraethyl orthosilicate (TEOS) is introduced under aqueous, basic conditions, resulting in the hydrolysis of silicate and formation of a silica network around the template. To produce MCM-41, 500 mg of CTAB was initially dissolved in 240 mL of 0.014 M NaOH. The solution was stirred and the CTAB was added slowly. The solution was then heated to 80°C and 2.5 mL of TEOS was added dropwise. The reaction was continued at 80°C for 2 h, after which the solution was cooled to room temperature and aged overnight.
Once nanoparticles precipitated, the solution was centrifuged at 4750 rpm for 10 min and the supernatant was removed. This process was repeated three times using water. The resulting MCM-41 was dried at 70°C for about 12 hours. To remove the residual surfactant template, the dried MSNs were calcinated at 550°C for 5 h, employing a heating rate of approximately 3°C/min.
2.2.2. Gas Adsorption. We also measured gas adsorption properties, surface area, and pore size distribution of MCM-41. Measurements at pressures up to 1 bar were performed at 77 K and 300 K using a Micromeritics Gemini VII 2390 surface area analyzer. Before adsorption, powder samples were pretreated by applying heat, vacuum, and finally flowing gas to remove water and impurity gas molecules adsorbed in the pores. A small amount of sample (15−20 mg) was degassed under vacuum at 250°C for at least 12 h in a Micromeritics Vac Prep 061 sample degas system. The Brunauer, Emmett, and Teller (BET) method was used to determine the specific surface area of the MCM-41 samples. The BET adsorption model implemented in the Micromeritics instrument software incorporates multilayer coverage. The pore size distribution was calculated using the Barrett−Joyner− Halenda (BJH) model, which is typically used for mesoporous materials. 24 
Differential Scanning Calorimetry and Thermogravimetric
Analysis. To study the thermal stability of MCM-41, differential scanning calorimetry and thermogravimetry analysis (DSC/TGA) were conducted with a Setaran Setsys Evolution 1750 DSC/TGA analyzer. The sample and the reference crucibles were made from alumina. Samples were heated to 1500°C at a rate of 10°C/min and 50°C/min. The carrier gas was air and the gas flow rate was 20 mL/ min.
2.2.4. Powder X-ray Diffraction. We used a Scintag XRD diffractometer with Cu Kα to collect XRD powder patterns. XRD patterns were collected between 2θ angles from 1 to 10°with step size of 0.02°and scan rate 0.0012. Samples were mounted on zerobackground holders. Measurements between 2θ angles from 20 to 60°w ere also made. 2.2.5. Heat Treatment. MCM-41 was treated at three different temperatures (500, 1000, and 1500°C) to study thermal degradation. These temperatures were selected from the DSC/TGA results in section 3.1.3. MCM-41 was heated in the presence of air at 10°C/min to the desired temperature using the Seteram Setsys Evolution 1750 DSC/TGA analyzer. The airflow rate was 20 mL/min. Once the sample achieved the desired temperature, the temperature was cooled at 20°C/min to room temperature.
RESULTS AND DISCUSSION
We first present results drawn from pure simulation studies on MCM-41. Then the experimental measurements and comparisons to the predictions from simulations are described in details.
3.1. Molecular Dynamics Simulation. 3.1.1. The Degradation Process and Induced Morphology Change. Figure 2a shows the simulated MCM-41 structure evolution during the heating process at a heating rate of 0.01 K/ps. The porous region maintains its regular interface until 2180 K, after which regularity quickly decreases along with roughening of the surface to a complete closure of the pores. If we take the temperature at which the porous region disappears as the collapse temperature, this value is found to vary with the heating rate as shown in Figure 2b . A faster heating rate results in a higher collapse temperature.
Systematic characterizations for the 300, 1273, 1773, 2415, 2180, 2650, and 2885 K models were performed to further understand the mechanism of porous structure evolution with temperature. The models that have been quenched to room temperature are first characterized by the radial density profile (Figure 2c) .
The radial density profile shows the density change from the center of the pore to the matrix. The interface is defined as the range for which the density is larger than zero, but smaller than the bulk. Three changes with temperature were observed. First, the pore radius gradually decreases as the boundary of the silica matrix moves toward the pore center. If the pore radius is defined as the distance at which the density is half of the bulk, the untreated 300 K model has a radius around 13.5 Å, decreasing to ∼10 Å at 2650 K. Second, the slope which indicates the width of the interfacial range becomes less steep at higher temperatures. The original structure at 300 K has a steep density transition to the matrix, which means a very narrow interface and a well-defined surface. After heating, the surface becomes rougher, as directly reflected by the surface contour (shown in Supporting Information, Figure S1 ). The movement of the surface boundary and the increase of the interfacial width both indicate the diffusion of atoms toward the pore center, leading to the change of the matrix density ( Table 2) . We observe during the heat and quench stage that the cell volume also decreases. Up to 2415 K, the pore volume shrinkage is faster than the global volume change, so the matrix density first increases. This can be understood by the fact that at the beginning there is a large chemical potential gradient from the matrix to the pore region due to the surface energy and curvature of the pore. After diffusion the gradient becomes smaller and the matrix density change is dominated by the global volume shrinkage, as in the 2650 K case.
3.1.2. Discussion on the Mass Transfer Process. The mass transfer of the matrix atoms toward the porous region is found to occur more effectively during heating. During the hold stage at which the temperature is kept constant, the movement of surface boundary is not significant, though the movement becomes more pronounced with increasing temperature after 2180 K. This is apparent from a comparison of the radial density profile of structures at the beginning with that at the end of the hold stage (Supporting Information, Figure S2 ). Further diffusion characterization of oxygen and silicon atoms during the hold stage ( Figure 3 and Table 3 ) show that two mechanisms of diffusion exist. The first mechanism (stage I) has a relatively low activation energy and a low diffusion coefficient, while above 2180 K the second diffusion mechanism is triggered with an activation energy around 167 kJ/mol (stage II).
The latter value of 167 kJ/mol falls well within the range of previously found diffusion energy barriers in vitreous silica matrix, while the diffusion coefficient D 0 is much lower than that in bulk vitreous silica. 25 This may be due to the existence of the pore interface, which limits the atom's diffusion length to be within the matrix. As the kinetically related pore closure process happens mainly during heating, the activation energy needed for atoms to transfer from matrix to porous region must be higher than in the hold stage (at least below 2415 K) for a pure diffusion process. Previous studies 26 concluded that diffusion in the silica phase is a collective process that can involve different number of atoms leading to a continuous range of activation energies. The diffusion of the pore interface may involve almost all atoms, as the surface boundaries simultaneously move toward the porous region, thus requiring a higher activation energy. In terms of stage I, a low energy barrier usually results from annihilation/creation of one or two pairs of dangling bonds. 26 This is quite possible in MCM-41 due to the amorphous nature of the silica phase and the existence of surface dangling bonds.
The RDF calculated during the hold stage is presented in Figure 4 (averaged over the whole hold stage). For all three pairs (Si−O, O−O, and Si−Si), the position of the first dominant peak does not change, while the area below the peak decreases with temperature, indicating that the average coordination number decreases. This means that the diffusion of atoms from matrix to surface involves the breakage of many Si−O bonds, possibly to create large number of vacancies and interstitials for diffusion; bonds then reform at the pore surface. Notice that, although the RDF is characterized during the hold stage, this matrix-to-pore surface diffusion mainly occurs during the heating stage as discussed previously.
To verify bond reformation, the number of oxygen dangling bonds at the surface is calculated (Table 4) . Since the pore radius also decreases during heat treatment the surface region is redefined for every sampled temperature; this keeps the total number of oxygen atoms within that region constant (radius value in Table 4 ). A dangling bond in an oxygen atom is reflected by a coordination number (CN) of one. The cutoff for CN is chosen to be 2.0 Å, which is slightly larger than the Si−O bond length. As shown in Table 4 , the undercoordinated (CN = 1) oxygens decrease significantly during thermal degradation, indicating the reformation process happens during heating treatment. Since dangling bonds lead to higher surface energy, it is reasonable that the system will tend to reduce the number of dangling bonds and move to a more energetically favorable structure: a homogeneous matrix phase without pores. The configuration of the three samples for the 2650 K model has a larger deviation relative to the configuration at other temperatures, so the radius defining the surface area here is the average value of the three samples. For models at other temperatures, the radius is identical for all three samples.
3.1.3. Discussion on the Accuracy of the Model Compared to Experiments. For the simulated thermal degradation process we seek to determine how closely simulation reflects real structures and processes in MCM-41. The originally built 300 K model correctly represents the characteristic RDF, bond angle distribution and coordination number of amorphous silica phase (Supporting Information, Figure S3 and Table S1 ). When deleting atoms to create the porous region, the surface is left with oxygen and silicon dangling bonds. No hydrogen atoms are attached since this model is fully dehydroxylated to avoid water formation during heating (the Tersoff potential used here allows the change of bond strengths according to coordination numbers, and thus bond formation and breakage can be allowed and characterized with coordination number change). This differs from the experimental case, since silanol groups (Si−O−H) would be present after the sol−gel synthesis process. The unsaturated silicon and oxygen bonds in our model may lead to a different surface energy and bond reformation process. The dehydroxylation of amorphous silica surface −OH groups happens at 190−900°C, 27 such that dehydroxylation completes before structure degradation (around 1000°C, as shown later in our experiments). Thus, the absence of silanol groups should not affect the thermal degradation process. The unsaturated oxygen and silicon atom numbers in our model are used to determine the dangling bond density (see Table 5 ). The experimental density of surface dangling bonds (characterized by the hydroxyl group concentration) is between 4.5 and 6.2/nm 2 . For comparison, previous simulations by others predict a density in the range 3.9−8.4/nm 2 . 28 The dangling bond density obtained here (5.1/ nm 2 ) falls well within the accepted range. Second, we note that the temperature scale obtained in the simulation is much higher than in experiments due to the extremely fast heating rate in the simulation. In experiments, the porous structure is found to collapse around 1273 K, as revealed from XRD and gas adsorption measurement ( Figure  5 ). This result is consistent with previous studies. 6 The three peaks present in the untreated original sample reflect the hexagonal arrangement of pores, and they gradually disappear after heat treatment. This behavior could either be due to the loss of periodicity in the porous structure, the increase of irregularity of the pore surface, the change of the pore size distribution, the disappearance of the pores, or some combination of these influences. The BET surface area based on the gas adsorption measurements supports the decrease and collapse of the porous region with increasing temperature. This heating rate effect is well-known in differential thermal analysis. 29, 30 In any reaction with an activation energy, the endothermal/exothermal peak position will vary with the heating rate. Kissinger proposed an equation, eq 4, to calculate the activation energy for the reaction based on the heating rate:
where β is the heating rate, T p is the temperature at the heat flow peak, E A is the activation energy, and R is the gas constant.
As noted previously, pore closure is a thermally activated process. In our study, T p is the collapse temperature shown in Figure 2b at different heating rates. TG/DSC analysis in experiments shows a similar peak around 1273 K (Supporting Information, Figure S4 ). By applying the left side of eq 4 to the collapse temperature T p and heating rate β, a linear correlation is obtained between simulation and experimental data points ( Figure 6 ). This indicates that the change of the collapse temperature with heating rate is well-described by Kissinger's equation: the pore-closure process needs activation energy and is kinetically dependent. Moreover, it implies the consistency between the simulated and the experimental degradation process in that they have the same activation energy. With the validation of eq 4 for our case, the collapse temperature at other heating rates can also be predicted. This method can be extended to other simulation cases to attain the value for the experimental case. The activation energy for complete pore closure is found to be 416 ± 17 kJ/mol from the linearly fitted slope value in Figure 6 (which represents − E R A ), and the error value comes from the standard error of fitting. Given the Si−O bond breaking energy of 452 kJ/mol, 31 the obtained activation energy is at the same order and thus bond breaking is likely to be the bottleneck process for pore closure. Meanwhile, the simulated activation energy for self-diffusion in vitreous silica of oxygen and of silicon each is around 168 kJ/mol. If simultaneous diffusion of these two types of atoms happens during pore closure process, the total activation energy for collective diffusion is around 336 kJ/mol, which is smaller than the pore closure energy barrier. Therefore, the value obtained for the activation energy for complete pore closure justifies a possible pore closure process involving both bond dissociation and atom's diffusion, as concluded from mass transfer process discussion.) Some deficiencies exist in the simulation model due to the periodic boundary condition compared to the experimental case. For example, thermal treatment above 1000°C in experiments will convert amorphous silica to a cristobalite phase (detected at 1500°C, Supporting Information, Figure  S5 ), while in the simulation this phase transition is not observed. This is due to the restriction of the unit cell size used for MCM-41 structure, as the periodic boundary condition requires an integer number of unit cells of cristobalite within the MCM-41 unit cell, however this cannot be the case here. And the crystallization at this simulation scale can be very slow. Also, there is no pore size distribution included in our model. It is possible that pore curvature influences the kinetic degradation process, for example such that smaller pores close faster than larger pores. Based on previous studies, we conclude that the pore closure process is kinetically dependent and requires an activation energy of about 416 kJ/mol. This energy indicates the bond breakage likely to be the bottleneck process in pore closure, accompanied by diffusion of oxygen and silicon atoms (the simultaneous diffusion of these two types of atoms is also allowed) and bond reformation at pore surface. Although the model is not able to capture crystallization and pore size distribution, it does show a consistent trend with experiments and provides a reasonable pore collapse mechanism. In the next section, one of the thermally treated models along with the 300 K model will be simulated to predict and compare their gas adsorption and selectivity properties.
3.2. Gas Adsorption and Selectivity Studies. We choose the 300 K (d = 28 Å) and the 2650 K model from the previous thermal degradation simulation for additional study. Adsorption behavior is compared in the 1−10 000 kPa range at room temperature. The 2650 K model is selected because this stage can show significant morphological changes while still keeping the porous structure.
3.2.1. Discussion on the Accuracy of the Model. The comparison between simulation and experimental N 2 adsorption data are provided at 77 and 300 K, as shown in Figure 7 .
The adsorption quantity is obtained without normalization and the models qualitatively produce the expected adsorption isotherms. The simulation models are simplified without silanol groups (no hydrogen atoms are attached to dangling oxygen), because Lennard−Jones parameters for hydrogen are negligible compared those for to oxygen, 11 and adsorbates here (N 2 , Ar, Kr, and Xe) are nonpolar and will not be influenced by Coulomb interaction introduced with silanols. The surface roughness modification by attaching hydrogen atoms is also limited comparing to that modified by thermal treatment: the OH distance is less than 1 Å, while thermal treatment can lead to several angstroms' surface change (Figure 2 ). Experimental average pore diameter evaluated by geometrical model is 3.4 nm, which is slightly larger than our simulation models a 0 is the unit cell parameter obtained from XRD, ρ sil the density of the silica, and V p the pore volume. This model has also been shown to agree well with DFT calculations. 32 The silica skeleton's density in our model reaches 2.5 g/cm 3 after NPT equilibration, while in most simulation cases the density value of 2.2 g/cm 3 is used. Better estimates of these parameters would enable a more accurate model. Nevertheless, since this study focuses on the comparison of models under different heat treatment the model quality is sufficient.
3.2.2. Single Component Adsorption Behavior. Single component adsorption was studied to compare the two MCM-41 models (with and without heat treatment) at room temperature (300 K) over a wide pressure range (Figure 8 ). For N 2 , Ar, and Kr, adsorption changes from the gas phase to the supercritical phase far away from the critical point with increase of pressure. The storage quantity first shows a linear relation in the low pressure region (Figure 8c −f, the N 2 results agree with literature 11 ). It reflects a typical Henry's adsorption isotherm whose slope is proportional to Henry's constant K H . The adsorption then gradually deviates from linearity and tends toward saturation with increasing pressure. For the 300 K model this is mostly due to the intrinsic density saturation of supercritical gas, while for the 2650 K model, since the deviation happens at an earlier stage, it indicates the interaction between adsorbate and adsorbent becomes stronger. The saturation amount clearly drops in the 2650 K model compared to the 300 K model, confirming a decrease of pore volume after heat treatment. For Xe, 300 K is close to its critical point (289.8 K, 57.6 atm) and the density increase from the gas phase to the supercritical phase is much steeper. As a result, the storage isotherm shows a condensation-like process around 3000 kPa for the 300 K model. For the 2650 K model, the Xe storage quantity changes to a micropore-filling behavior because the pore size is smaller.
Interestingly, if the 300 K model is compared to the 2650 K model in the low pressure region (0−100 KPa, Figure 8c−f) , the change of the storage quantity for different adsorbates does not show the same trend. For example, for N 2 and Ar ( Figure  8c and d) , the values decrease in the 2650 K model; while for Kr and Xe (Figure 8e and f) , the storage amount increases.
3.2.3. Gas Mixture Behavior. It is also important to understand how selectivity changes with heat treatment. Binary gas mixture adsorption simulation were performed for Kr/Xe and Kr/Ar. The selectivity S xy is defined as (5) where i, j denote the atom types, x is the amount of different molecular types in free space, and y is absolute adsorbed amount. Figure 9a shows the Kr/Ar selectivity with and without heat treatment. For the 300 K model selectivity first decreases with pressure and then stays constant after 5000 kPa as the adsorption difference of the two adsorbates due to their interaction energy keeps decreasing with this pressure and eventually flattens out as at high pressures selectivity is mainly defined by the supercritical phase density ratio.
For the 2650 K model, selectivity is increased, especially for the low-pressure region (0−100 kPa). From single component adsorption we know that the interaction energy of larger molecules increases faster as a function of pressure increasing selectivity. Eventually, when the pressure is high enough (around 100 bar), selectivity is mainly defined by the ratio of the supercritical phase quantities. At this point, the selectivity of different models converge. For the Xe/Kr case (Figure 9b) , similarly the selectivity of the 2650 K model is higher than the 300 K model. The small peak around 5000 kPa in both models is probably due to the steep increase of Xe density around that pressure, leading to an immediate saturation of Xe. Then Kr also begins to saturate and the selectivity gradually decreases. 
CONCLUSION
Molecular dynamics simulations of MCM-41 reveal that the porous structure gradually closes during heating and eventually disappears at a critical temperature that depends on the heating rate. By applying the Kissinger equation, a strong correlation between simulated pore collapse temperature and experimental values is established. We calculate an activation energy of 416 ± 17 kJ/mol for the pore closure reaction. In simulations we calculate the radial density profile (RDF) and oxygen dangling bonds. The temperature-dependent evolution of these quantities indicates that silicon and oxygen atoms move from the silica matrix to the pore surface to close the pore. This process likely requires a collective diffusion of most matrix atoms toward the pore region, the breakage of Si−O bonds in the matrix and a bond reformation at the surface. Monte Carlo simulations illustrate the adsorption behavior of typical MCM-41 type structures at 300 K over a pressure range from 1 to 10000 kPa for N 2 and different noble gases. The absolute adsorption quantity of N 2 , Ar and Kr increases linearly with pressure, then saturates gradually. For Xe, a steep increase in adsorption around 3000 kPa is likely due to its intrinsic density jump from gas phase to supercritical phase. The decrease of the average pore size and the increase of surface roughness of the 2650 K model leads to a stronger adsorption energy by a curvature effect, while the decrease of pore volume leads to a contradictory modification on the absolute adsorption amount. The impact of these two factors varies for small and large molecules. The absolute adsorption quantity of N 2 and Ar decreased in the 2650 K model, while that of Kr and Xe increased. This effect leads to increased selectivity for the Kr/Ar and Xe/Kr gas pairs. Based on these results, we conclude that thermal treatment may increase the selectivity between noble gases for appropriate temperatures. Selectivity could be extended to other type of adsorbates, such as H 2 O, CO 2 , and alkane gases. We anticipate that the selectivity modification by thermal treatment for these gases will become more significant, since their adsorption energy can differ significantly due to electrostatic interactions (dipole for H 2 O, quadrupole for CO 2 , etc.). Future studies could examine other porous materials that undergo surface boundary diffusion while the surface energy is also modified during heat treatment, with potential application to catalysis and other scientifically and industrially relevant processes.
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